Abstract A new organic-inorganic hybrid nanocomposite Zn-Al-MCPA-layered double hydroxide (ZAM) was prepared by intercalation of 2-methyl-4-chlorophenoxyacetic acid (MCPA) into Zn-Al-layered double hydroxide (ZAL) at various concentration of MCPA ranging from 0.1 to 0.7 M. The pH of the synthesis was kept constant at 7.5. Well-ordered hybrid nanocomposite was obtained with 0.4 M MCPA with an expansion of basal spacing from 8.9 Å in the ZAL to 19.7 Å in the resulting nanocomposite. The FTIR spectra of the nanocomposite show resemblance peaks of the MCPA and Zn-Al-layered double hydroxide indicating the inclusion of MCPA into the layered double hydroxide. The average particle size of ZAL and ZAM in this study was 115 and 128 nm, respectively. Percentage loading of MCPA was found to be 45.0 % (w/w), calculated based on the percentage of carbon in the sample. The release of MCPA into various aqueous solution was found to be dependent to the anion in the aqueous solution in the order of phosphate [ sulfate [ chloride with the percentage release of 80, 44, and 8 %, respectively. This study shows that Zn-Al-layered double hydroxide can be used as a host carrier for herbicide, MCPA, with controlled release capability.
Introduction
Layered double hydroxides, LDHs are a class of layered compounds derived from the structure of brucite, which comprises stacks of neutral layers having the composition Mg(OH) 2 . Structurally, they are formed by brucite-like (Mg(OH) 2 x? , where 0.2 B x B 0.33 and became positively charged. The positive charge of the layer is compensated by counter anions which occupy the interlayer space along with water molecules (Cavani et al. 1992; Badreddine et al. 1999) . Anions such as Cl -, NO 3 -, CO 3 2-, and others are incorporated in the interlayer region along with water molecules to restore charge neutrality and stability (Massersmith and Stupp 1995) .
The interlayer interaction in LDHs are mediated by coulombic forces between the positively charged layers and the anions in the interlayer and hydrogen bonding between the hydroxyl groups of the layer with the anions and the water molecules in the interlayer (Kwon and Pinnavaia 1989; Rives 2001) . When anion exchange process took place, the only structural change is a variation in the interlayer distance, which is in turn dependent on the size of the incoming anion. A wide range of this type of materials can be synthesized directly by co-precipitation or self-assembly method (Massersmith and Stupp 1995) , in which the host and guest species are included in the mother liquor, followed by the aging process to form a well ordered layered nanocomposite. Alternatively, the host can be prepared in advance, followed by the modification or further treatment of the host and the insertion of the guest molecules into the interlayer (Kloprogge et al. 2004; Kwon and Pinnavaia 1989) . These materials can interact with anions both by interlayer space and external surface. Owing to the presence of a huge number of exchangeable anions (Goh and Lim 2010; Vaccari 1999) , LDHs are good ion exchangers and adsorbents for the removal of toxic anions from contaminated water and showed potential adsorbents for several anionic species (Hafez et al. 2010; Hussein et al. 2009; Goh and Lim 2010) .
Layered organic-inorganic nanohybrid materials can be prepared by propping apart the layered host to accommodate the guest molecules. A variety of anionic species could be intercalated for the formation of LDH-intercalated or the so-called host-guest type of materials. The guest species enhance the interlayer distance in the LDH compound and the thickness of the layer is determined by the ionic radius of the anion. Intercalation reactions leave the structure of the host lattice unchanged and therefore different from the normal solid state reactions that involve extensive bond breaking and structural reorganization (Wang et al. 2004; Miyata 1983 ). Owing to their highly tunable properties, LDHs are consider as new emerging class of the most favorable layered crystals for the preparation of multifunctional nanocomposites.
This study aimed at the development of layered double hydroxides, LDHs as the hosts for agrochemical, 2-methyl-4-chlorophenoxy acetic acid, MCPA (Fig. 1) . MCPA is classified as a restricted pesticide and commonly used as an herbicide, generally in salt or esterified form to control broadleaf weeds, including thistle and dock in cereal crops and pasture. Its toxicity and biodegradation are topics of current research due to its potential to the environment problems nowadays.
Experimental

Synthesis of materials
All the chemicals used in this synthesis were obtained from various chemical suppliers and used without further purification. All solutions were prepared using deionized water. The synthesis of Zn-Al-MCPA (ZAM) nanocomposite was done by self-assembly method from mixed aqueous solution of 0.1 M Zn(NO 3 ) 2 Á6H 2 O (ChemPur, 98 %) and 0.025 M Al(NO 3 ) 3 Á9H 2 O (R&M Chemicals, 98 %) at various concentrations of MCPA (Sigma-Aldrich, 95 %) ranging from 0.1 to 0.7 M. 2 M NaOH (Merck, 99 %) was dropwise added to the solution with vigorous stirring under nitrogen atmosphere at constant pH of 7.5 ± 0.02. The precipitate was aged for 18 h in an oil bath shaker at 70°C, cooled, thoroughly washed, and dried in a vacuum oven at 70°C. The resulting nanocomposite was finely ground, kept in a sample bottle, and stored in a vacuum desiccator for further use and characterizations. Similar procedure was performed for the preparation on ZAL except for the addition of MCPA.
Characterization
Powder X-ray diffraction (PXRD) patterns of the samples were recorded between 2 and 60°on a Rigaku model Ultima IV analytical powder diffractometer unit using Cu Ka radiation (k = 1.540562 Å ) at 40 kV and 20 mA at the rate of 2°min -1 . Fourier Transform Infared (FTIR) spectra were recorded using a Perkin Elmer 17529 spectrophotometer by the KBr disk method in the range of 400-4,000 cm -1 . Thermogravimetric and differential thermogravimetric analyses (TGA/DTG) were performed using a Mettler Toledo instrument model TGA/SDTA851 thermogravimetric analyzer at a heating rate of 10°C min -1 in the range of 35-1,000°C, under nitrogen with a flow rate of about 50 ml min -1 . The elemental compositions of Zn/Al molar ratio of the samples were determined by an inductively couple plasma atomic emission spectrometry (ICP-AES) using a PerkinElmer Spectrophotometer model optima 2000DV under standard conditions and a CHNS analyzer model CHNS-932 (LECO). Surface morphology of the samples was determined by field Emission Scanning Electron Microscopy (FESEM) model Carl Zeiss Supra 40VP. Photon correlation spectroscopy (PCS, Nanosizer Nano ZS, Malvern instruments) was used to analyze the particle size distribution of both ZAL and ZAM samples from 10 to 710 nm. The suspension of the samples was prepared with 0.2 wt% in 40 ml deionized water and the sample was transferred to a stainless steel autoclave with Teflon lining. The autoclave was then placed in an oven and heated at 100°for 16 h and air cooled. The samples were sonicated for 2 h before analyses (Xu et al. 2007 ). The BET surface area of the solids was determined using a Micromeritics surface area and pore analyzer (ASAP 2000) by nitrogen gas adsorption-desorption technique at 77 K together with the BET equation. Release of MCPA from the ZAL host was studied by adding 0.2 mg sample into 3.5 ml 0.005 M aqueous solutions of Na 3 PO 4 , Na 2 SO 4 , and NaCl aqueous solutions. The accumulated amount of MCPA released into the aqueous solutions was measured in situ at a preset time at k max = 278.5 nm using a Perkin Elmer UV-Vis Spectrophotometer Lamda 35. Data were collected, stored, and fitted to zero-, first-and pseudosecond order kinetic models.
Results and discussion
X-ray diffraction analysis Figure 2 shows the PXRD patterns of ZAL and its nanohybrid composite, ZAM, prepared at various concentrations of MCPA ranging from 0.1 to 0.7 M. As shown in the figure, basal spacing of ZAL, which contains nitrate as the counter anion in the interlayers shows a typical basal spacing of 8.9 Å as previously reported (Sarijo et al. 2010; Hussein et al. 2007 ). The 003 diffraction pattern for the ZAM shifted to lower 2h indicated an expansion of the layered host due to the inclusion of a new guest anion, MCPA, into the LDH interlamellae. This resulted in an expansion of basal spacing from 8.9 Å in ZAL to 19.0 Å in ZAM. The increase in basal spacing compared to ZAL is associated with the spatial orientation and the size of MCPA which is bigger than nitrate in the interlayer region (Kuk and Huh 1998) co-intercalation of the counter anion, NO 3 -, and the new guest anion, MCPA, was detected as shown by diffraction peaks at 2h = 5.8 and 9.8. When the concentration of MCPA was increased to 0.7 M, a number of peaks which are characteristics of the MCPA phase were detected. This is attributed to the MCPA adsorbed onto the surface of ZAM due to the saturation of the MCPA solutions in the mother liquor.
FTIR spectroscopy
The FTIR spectra of ZAL, ZAM, and pure MCPA are shown in Fig. 3 . The FTIR spectra of ZAL show typical broad absorption spectra at around 3,454 and 1,637 cm -1 which are attributed to the OH vibrations and bending of the surface and interlayer water molecules (Lakraimi et al. 2000; Palmer et al. 2009 ). The presence of NO 3 -is shown by a strong absorption band at 1,385 cm -1 . A band at the lower wavenumber region (606 and 407 cm -1 ) corresponds to the Al-OH and Zn-Al-OH bending vibrations, respectively.
The FTIR spectrum of pure MCPA shows a broad band at 3,400 cm -1 attributed to the O-H stretching vibration of the COOH. A sharp band at 1,607 cm -1 is due to the C=O stretching. Bands at 1,493 and 1,400 cm -1 are attributed to the stretching vibrations of aromatic ring C=C and strong bands at 1,288 and 1,299 cm -1 are due to the symmetric and asymmetric stretching modes of the C-O-C. A sharp band at 882 cm -1 is attributed to C-Cl stretching. The nanocomposite ZAM shows a combination spectrum of both the inorganic host, ZAL, and the guest anion, MCPA, in the anionic form. Absorption bands at 1,467 and 1,403 cm -1 are due to the stretching vibration of the aromatic ring, C=C. The absence of absorption band at 1,385 cm -1 as previously present in the ZAL indicates the absence of nitrate in ZAM. The most important feature in the FTIR spectra of ZAM is the disappearance of a band at 1,607 cm -1 which is belongs to the carboxylic group in MCPA and the presence of new bands at around 1,560 and 1,428 cm -1 . These new bands are attributed to the C=O carboxylate anion, which confirmed the intercalation of MCPA in the anionic form in the interlayer of the LDH. Owing to high concentration of MCPA in the solution, the interlamellae domain of the LDH was dominated by the MCPA species and this prevents the co-intercalation of nitrate anion.
Elemental analysis
The elemental and organic contents of the LDH and ZAM hybrid nanocomposite are shown in Table 1 . The initial molar ratio, R i , of Zn to Al in the mother liquor is 4 and this is close to the final molar ratios, R f , of the ZAL and the ZAM nanohybrid which are 3.67 and 3.87, respectively (Table 1 ). This shows that the reaction of the Zn(NO 3 ) 2 Á6H 2 O and 0.025 M Al(NO 3 ) 3 Á9H 2 O salts are completed. The absence of nitrogen in ZAM as shown in the FTIR spectra is supported by the CHNS result which shows zero percent nitrogen. High content of carbon in ZAM shows the inclusion of the MCPA into 
Thermal analysis
The thermal decomposition curves of MCPA, ZAM, and ZAL are shown in Fig. 4 . The thermal decomposition for MCPA (Fig. 4a) shows a weight loss of 98.6 % at temperature maximum of 216.7°C.
Comparison of the decomposition temperature of the pure anion and the nanocomposite, ZAM shows a higher thermal decomposition temperature, which shows that the intercalated anion is thermally more stable than the non-intercalated ones. The decomposition of the nanocomposite ZAM (Fig. 4b ) occurs in three steps: (i) the removal of the physisorbed water at the surface and in the interlayer of the LDH amounted of 8.4 % at temperature maximum of 169.8°C, (ii) decomposition of the organic anion, MCPA at temperature maximum of 317.8°C amounted of 30.6 %, and (iii) the decomposition of the nanocomposite to form mixed oxides at temperature maximum of 898.7°C amounted of 15.1 %. The weight loss of ZAL (Fig. 4c) corresponds to the elimination of the water molecules at temperature maximum of 120.7°C amounted of 6.7 %. Weight loss at temperature maximum of 230.1°C amounted of 25.4 % is due to the dehydroxylation and decarbonation of the hydroxide layers.
Surface properties
The effect of surface property of the resulting material upon successful intercalation of ZAM into ZnAl-LDH with well-ordered nanolayered composite is given in Table 1 . The surface area of Zn-Al-LDH synthesized in this work is 10.6 m 2 g -1 and increased to 38.6 m 2 g -1 when MCPA was intercalated into the inorganic interlayer of the LDH. The intercalation of a bigger anion, MCPA, resulting in the expansion of basal spacing of the resulting nanocomposite and creates more pores in the crystallites, therefore the surface area increase significantly. The nitrogen adsorption-desorption isotherms (Fig. 5a ) for ZAL and ZAM are of Type IV, indicating a mesopore-type of material (Sing et al. 1982; Sangwichien et al. 2002) . The adsorption increased slowly at low relative pressure and rapidly at relative pressures above 0.8. The adsorption branch of the hysteresis loop for the ZAM is slightly wider than the one for LDH, indicating a slightly different pore texture. This can be related to the expansion of basal spacing, when nitrate is replaced by MCPA during the formation of the ZAM nanocomposite. Figure 5b shows the BJH desorption pore size distribution for ZAL and its nanocomposite, ZAM. The summary of pore volume and pore diameter is given in Table 1 distribution centered at 250 Å is observed for ZAM. On the other hand, ZAL show a slightly different property without any visible pore size distribution with lower pore size compared to ZAM (Table 1) . This can be resulted from the formation of the interstitial pores between the crystallite, different particles size, morphology, and aggregation during the formation of the nanohybrid. The FESEM micrographs (Fig. 6 ) illustrate the morphologies of ZAL and ZAM. Both ZAL and ZAM show agglomerated flakelike structure with various sizes ranging from 50 to 200 nm. The PCS curve (Fig. 7) for both ZAL and ZAM shows narrow particle size distribution between 50 and 170 nm with average particle size of ZAL and ZAM of 115 and 128 nm, respectively. The size of the ZAL and ZAM particles synthesized in this study is in the range of 80-200 nm compared to the size of previously synthesized Mg-Al-LDH with particle size of 112-127 nm (Xu et al. 2006) .
Controlled release of MCPA into various aqueous solutions
As shown in Fig. 8 , the accumulated MCPA released into various aqueous solutions increased with contact time when ZAM was put into contact with the aqueous solutions containing phosphate, sulfate, and chloride anion. The release of MCPA is faster in the first 50 min from the initial time of the experiment, followed by a slower release toward the equilibrium.
The amount of accumulated MCPA was found to be dependent to the anion available in the aqueous solutions in the order of PO 4 3-[ SO 4 2-[ Cl -. The equilibrium was achieved at around 400, 200, and 2,000 min for the MCPA released into 0.005 M Na 3 PO 4 , Na 2 SO 4 , and NaCl aqueous solutions, respectively. The saturated releases of the MCPA were found to be 80, 45, and 8 % in 0.005 M Na 3 PO 4 , Na 2 SO 4 , and NaCl aqueous solutions respectively.
Based on the release of MCPA at equilibrium when ZAM was put in contact with various anions in the aqueous solutions, the accumulated amount of the MCPA released at the end of 2,880 min can be summarized as Na 3 PO 4 [ Na 2 SO 4 [ NaCl. In aqueous solution of sodium phosphate, the higher charge density of the PO 4 3-anion in the solutions resulted in the phosphate ions to be ion-exchanged with MCPA. As a result, phosphate ions are incorporated into the interlayer of ZAM and at the same time, the MCPA is released into the aqueous solutions. As a result the formation of the new LDH forms a sort of barrier builds up and this will further decrease the rate of the MCPA that could be released from the formulation into the aqueous solutions and slower down the release of MCPA.
Release kinetics
Release kinetics of MCPA was evaluated with various models such as zeroth- (Hill and Petrucci 2002) , first- (Zhang et al. 2006 ) and pseudo-second-order (Sparks and Jardine 1984) kinetic models. The equations are given in Table 2 . The plots are given in Fig. 9 . Comparison of the regression values, r 2 , obtained from the fitting are given in Table 2 . In general, the release Percentage release / % time /min Fig. 8 Release profiles of MCPA from ZAM interlamellae into 0.005 M Na 3 PO 4 , Na 2 SO 4 , and NaCl aqueous solutions Zeroth order:
Ceq concentration of anion at equilibrium, Ct concentration of anion at time t, C percentage release of anion, c a constant of MCPA into 0.005 M NaCl, Na 2 SO 4 , and Na 3 PO 4 follows the zeroth and first order equation for the first 250 min with regression values between 0.987 and 0.996. However, for the long time range (3,000 min), the release profiles are fitted well to the pseudo-second order kinetics with a maximum regression value of 1.
Conclusion
The Zn-Al-MCPA-layered double hydroxide was successfully synthesized by simple self-assembly method with a loading percentage of 45.0 % (w/w). 
